ABSTRACT HIV infection of CD4 ؉ T cells induces a range of host transcriptional changes in mRNAs as well as microRNAs that may coordinate changes in mRNAs. To survey these dynamic changes, we applied next-generation sequencing, analyzing the small RNA fraction of HIV-infected cells at 5, 12, and 24 h postinfection (RNA-Seq). These time points afforded a view of the transcriptomic changes occurring both before and during viral replication. In the resulting small RNA-Seq data set, we detected a phased pattern of microRNA expression. Largely distinct sets of microRNAs were found to be suppressed at 5 and 12 h postinfection, and both sets of changes rebounded later in infection. A larger set of microRNA changes was observed at 24 h postinfection. When integrated with mRNA expression data, the small RNA-Seq data indicated a role for microRNAs in transcriptional regulation, T cell activation, and cell cycle during HIV infection. As a unique benefit of next-generation sequencing, we also detected candidate novel host microRNAs differentially expressed during infection, including one whose downregulation at 24 h postinfection may allow full replication of HIV to proceed. Collectively, our data provide a uniquely comprehensive view of the changes in host microRNAs induced by HIV during cellular infection.
IV infection results in a multitude of changes in infected cells. During periods of active viral replication, these changes occur in multiple classes of molecules, including mRNAs and proteins (1, 2) . Infected cells exhibit decreased basic functionality, e.g., in cell signaling (3) , culminating in the eventual death of the cell. Using next-generation sequencing (NGS), we recently profiled the transcriptome of HIV-infected lymphoblastoid cells and found that over half of the detectable polyadenylated RNA species were differentially expressed (DE) during infection (1) . These changes corroborated clinical results. For example, in CD4 ϩ T cells isolated from HIV ϩ individuals, a distinct expression profile was observed comprising 260 genes whose expression correlated with viral load; these genes were involved in a variety of functions, including inflammatory signaling, cell cycle, and antigen presentation (4) .
Small RNAs constitute an additional class of molecules whose expression is likely to be altered by HIV infection. Among the best-characterized types of small RNAs are microRNAs, singlestranded RNA molecules of approximately 22 nucleotides in length that bind mRNAs through complementary base pairing, resulting in suppressed translation from the mRNAs or degradation of the mRNAs.
HIV infection has been shown to alter microRNA expression, both in cultured cells and in peripheral blood mononuclear cells (PBMCs) isolated ex vivo, e.g., in references 5 and 6. However, technologies such as microarrays that were used in previous studies limited identifications to known, annotated microRNAs. NGS applied to small RNA (small RNA-Seq) circumvents this limitation, detecting microRNAs without the need for prior annotation as well as extending quantitation over a wider dynamic range. Indeed, sequencing has contributed recently to an expansion in the number of known microRNAs (7) .
In previous studies where small RNA-Seq has been applied to HIV-infected cells, the focus has typically been on virally encoded microRNAs or on single time points, providing static snapshots of infection (8) (9) (10) (11) . In this article, we report the use of NGS to observe dynamic changes in cellular small RNAs from HIV-infected CD4 ϩ cells. To this end, we sampled multiple time points, including those preceding detectable HIV replication, to identify signatures of different stages of infection in vitro. To characterize microRNAs, both known and putatively novel, we then integrated our NGS data set with mRNA-Seq data derived from the same experimental samples (1) and thereby identified microRNAs that may contribute to phenotypic changes in infected cells over time. We also provide a full account of putatively novel microRNAs and other small RNAs that were DE upon infection that may in turn provide new avenues for future research.
RESULTS

Abundance distribution of small RNA in HIV-infected cells.
To determine the effect of HIV infection on cellular small-RNA expression, we infected human lymphoblastoid SUP-T1 cells with HIV-1 strain LAI and determined small RNA expression at three different time points : 5, 12 , and 24 h postinfection (hpi). In a previous study (1) , we found that levels of virus were nearly undetectable at 4 hpi, increasing at 12 hpi and peaking at 24 hpi. Our choice of timing parallels these time points. For controls, we also mock-infected cells using cell culture medium or alternatively infected cells with UV-inactivated HIV-1 (HIV UV ). Small RNAs were then size selected, and cDNA libraries were generated and then sequenced by NGS. To analyze the resulting small RNA-Seq data set, we employed a workflow that included mapping sequences to different small RNA annotations, identifying DE microRNAs based on the mapped data, and determining the mRNA targets of the DE microRNAs (Fig. 1) .
In the small RNA-Seq data set, we detected several classes of small RNAs, including piwi-interacting RNAs (piRNAs) and microRNAs (see Fig. S1A in the supplemental material). After filtering by a minimum criterion for expression, we found that 155 piRNAs were expressed in the small RNA data set at 12 and 24 hpi; of these, none were DE at 12 hpi, and 21 were DE at 24 hpi, with the majority being upregulated (see Table S1 in the supplemental material). We also found that 531 annotated microRNAs were expressed in the small RNA data set. Levels of expression varied broadly. In particular, a small number of microRNAs were highly expressed. Four microRNAs constituted over half of all microRNA-mapped reads, and 10 microRNAs accounted for over 70% of all microRNA-mapped reads (see Fig. S1B ). Among the most highly expressed were several members of the miR-181 family (miR-181a-1, -181b-1, -181d) and let-7 family (let-7a-1, -7f-1) (see Fig. S1B ). In contrast, a large number of microRNAs were detected at low levels. Two hundred sixty-three microRNAs had normalized mean read counts of less than 100 in each sample. Overall, the small RNA-Seq data set displayed the broad dynamic range characteristic of NGS data sets with read counts spanning five orders of magnitude (from 1 to over 150,000 mapped reads for the least and most highly expressed species, respectively). These results were consistent with other small RNA-Seq studies, e.g., Peng et al. (12) , where over half of the mapped microRNAs from influenza-and severe acute respiratory syndrome (SARS)-infected mouse lungs were attributable to three microRNAs.
Time-specific, phased patterns of microRNA expression in HIV-infected cells. Because many microRNAs were detected with low read counts, we performed further statistical analysis using DESeq, a negative binomial-based test that treats expression as discrete counts (13) . By applying DESeq, we found that small numbers of microRNAs were DE at 5 and 12 hpi (numbers of microRNAs are in Table 1 ; expression values and microRNA IDs are in Fig. S2A to C in the supplemental material; full information is in Table S1 in the supplemental material). Furthermore, similar numbers of microRNAs were detected as DE in HIV-infected cells and HIV UV -infected cells at these time points (Table 1; see also  Fig. S2D to F and Table S1 ). In contrast, at 24 hpi, a larger number of microRNAs were found DE, approximately 7-fold the number DE at 5 and 12 hpi (Table 1; see also Fig. S2C and Table S1 ). This expansion was specific to infection with live virus, as cells infected with HIV UV continued to show small numbers of DE genes at 24 hpi (Table 1; see also Fig. S2F and Table S1 ). This expansion in the number of DE microRNAs was similar to the expansion observed for DE mRNAs in the same samples (1), indicating that microRNA and mRNA expression were similarly affected by HIV-1 infection. However, out of those microRNAs found DE in HIV UV -infected cells at 24 hpi, the majority (13 out of 18) were also found DE in HIV-infected cells ( lated relative to their levels in mock-infected cells (Table 1 ; Fig. 2A and B). However, by 24 hpi, the majority of these microRNAs were found upregulated relative to mock-infected cells ( Fig. 2A and B) . This pattern was observed in the majority of DE microRNAs at earlier time points (five out of five downregulated at 5 hpi, and four out of eight downregulated at 12 hpi; Fig. 2A and B) . Likewise, many of the microRNAs found DE at 24 hpi but not at earlier time points nonetheless displayed directions of changes in earlier and later time points (see Fig. S2G in the supplemental material). This phased time point specificity suggests that changes in microRNAs tracked specific stages of HIV infection in vitro. Interestingly many of the trends observed in HIV-infected samples were also observed in HIV UV -infected samples, though with reduced magnitudes of change and/or not at statistical significance, indicating that viral attachment or internalization induced a similar but attenuated response, relative to live virus, even later in infection (see Fig. S2G ).
Characterization of DE microRNAs by integration with mRNA-Seq data. To determine the possible effects of HIVinduced changes in microRNA expression, we performed a correlative analysis with mRNA expression data. We obtained predictions of microRNA complementarity to 3= untranslated regions (UTRs) in mRNAs from various algorithms and then compared expression profiles from small RNA-Seq and mRNA-Seq from the same samples (1) . MicroRNAs and possible target mRNAs having significant, negative correlations (anticorrelations) were identified, and the annotations of the anticorrelated target mRNAs were used to determine possible functional effects of the microRNAs.
Following this protocol, we identified a large number of anticorrelated interactions between DE microRNAs and expressed mRNAs. In total, we identified 5,023 anticorrelated interactions involving 46 DE microRNAs and 1,917 detected mRNAs (see Table S2 in the supplemental material). Out of these 1,917 mRNAs, 1,900 were previously detected as DE by mRNA-Seq (1), indicating that DE mRNAs were overrepresented among anticorrelated target mRNAs (P Ͻ 10 Ϫ15 by Fisher's exact test). MicroRNAs and mRNAs varied widely in the number of predicted interactions, and individual microRNAs were predicted to target as many as 518 mRNAs, and individual mRNAs were predicted to be targeted by as many as 15 microRNAs (see Table S2 ).
MicroRNA involvement with transcriptional regulation in HIV-infected cells. To identify the possible biological effects of DE microRNAs in HIV-infected cells, we examined the annotations (pathways and functions) associated with their predicted, anticorrelated target mRNAs. Specifically, we compared the number of target mRNAs to the number of DE mRNAs associated with each annotation term and determined those annotations with a significant overrepresentation of target mRNAs. We assumed that annotations with an abundance of target mRNAs were more likely to identify pathways regulated by microRNAs. We also examined the set of microRNA-mRNA interactions associated with each annotation to identify possible hub (highly connected) microRNAs and mRNAs. Hub microRNAs may be important regulators of multiple mRNAs, while hub mRNAs may be robustly regulated by multiple microRNAs.
A small number of annotations were enriched with target mRNAs at frequencies greater than expected by chance (by one-sided Fisher's exact tests with P values of Ͻ0.05) ( Table 2 ; see also Table S3 in the supplemental material). These annotations included "transcription regulatory activity," which was associated with 111 upregulated target mRNAs at 24 hpi (Table 2 ). These mRNAs were in turn predicted to be targeted by 20 DE microRNAs (see Table S2 and Fig. S3A ). Another set of target mRNAs encoding transcriptional regulators (albeit with different specific annotation terms) was found to be downregulated (Table 2; see also  Table S2 and Fig. S3B ). The presence of up-and downregulated microRNAs associated with multiple annotations related to transcriptional regulation suggest a role for microRNAs in regulating changes in gene expression during HIV infection. A subnetwork of upregulated mRNAs associated with DE downregulated microRNAs was found to include K(lysine) acetyltransferase 2B (KAT2B), a transcription factor known to contribute to HIV replication and known to be targeted posttranscriptionally by miR-17 and miR-20 (14) . This subnetwork showed that these and other microRNAs were predicted to target KAT2B as well as a broader set of mRNAs with functional connections to KAT2B (Fig. 3A) . Additional microRNAs in the subnetwork included miR-106a and miR-20b, two paralogs of miR-17 and miR-20, derived from the same host gene cluster (Fig. 3A) . Their inclusion in the subnetwork suggests they may also have been downregulated in the earlier experiment, implicating miR-17 and miR-20 (14) . In addition, a nonparalogous microRNA, miR-32, was also included in this subnetwork and may have regulated the same target mRNAs (Fig. 3A) . Together, these microRNAs may represent an overlapping, robust network of regulators upstream of mRNAs for transcriptional regulators that contribute to HIV replication.
MicroRNA regulators of T cell activation in HIV-infected cells. We found that several other pathways were enriched with target mRNAs, albeit at a relaxed threshold for significance (P Ͻ 0.10 by one-sided Fisher's exact test; see Table S3 in the supplemental material). By this threshold, some pathways, including "regulation of small GTPase-mediated signal transduction," "phosphoinositide binding," and "regulation of Ras protein signal transduction," were enriched in upregulated targeted mRNAs, suggesting microRNA downregulation may have contributed to increased receptor signaling (see Table S3 ). By the same criterion, other pathways, including "intracellular transport" and "secretion by cell," were enriched in downregulated targeted mRNAs, suggesting microRNA upregulation may have contributed to the suppression of intracellular trafficking (see Table S3 ). T cell activation-related pathways were also enriched with downregulated target mRNAs (as "costimulatory signal during T-cell activation" and "positive regulation of T cell activation" with P values of 0.05 and 0.08, respectively) (see Table S3 and Fig. S3C ). We previously found that T cell activation-associated mRNA expression was strongly suppressed at 12 and 24 hpi (1). In this study, we found that microRNAs were predicted to target key molecules involved in T cell activation, such as CD4, CD28, and TP53 (see Fig. S3C ). In particular, CD4 mRNA was targeted by five microRNAs (miR-181d, -663, -663b, -1248, and -1303), the most highly targeted hub mRNA in this subnetwork (see Fig. S3C ). Possible hub microRNAs and mRNAs for other pathways are shown in Fig. S3 .
Targets of microRNAs DE at early time points: cell cycle and transcriptional regulation. Many of the microRNAs DE early in infection (at 5 or 12 hpi) lacked published target mRNA predictions due to their recent discovery in the literature or limited degree of evolutionary conservation, which is suboptimal for algorithms such as TargetScan. To better characterize the early DE microRNAs, we generated an alternative set of TargetScan predictions using low evolutionary conservation thresholds and performed the correlation analysis between these microRNAs and their alternatively predicted target mRNAs.
Out of the five microRNAs DE at 5 hpi, three (miR-3607-5p, miR-3607-3p, and miR-3653) were significantly, negatively correlated with annotated, target mRNAs from the alternative predictions (see Table S4 ). One of these, miR-3607-3p, was highly expressed in SUP-T1 cells (see Table S4 ) and DE at all three time points (downregulated at 5 and 12 hpi and upregulated at 24 hpi), unique among the microRNAs in our study ( Fig. 2A and B) . In our analysis, miR-3607-3p showed highly significant, anticorrelated expression with 21 target mRNAs at 12 and 24 hpi (Fig. 3B ). These were enriched in annotations for "cell cycle process" and "transcriptional regulatory activity," with interleukin enhancerbinding factor 3 (ILF3) and nuclear receptor corepressor 1 (NCOR1) having both annotations. In addition, four mRNAs in this network were annotated for "transcriptional regulatory activity" and encoded transcription factors: ILF3, GABPB1 (GAbinding protein transcription factor, beta subunit 1), NFATC3 (nuclear factor of activated T cells, calcineurin-dependent 3), and TCF7 (transcription factor 7). The phased expression pattern of miR-3607-3p suggests that these targeted mRNAs may have been subjected to variable degrees of regulation-with reduced suppression early in infection and then increased suppression later in infection-during the course of HIV infection.
Candidate novel microRNAs DE during HIV infection.
The small RNA-Seq data set also included short reads that mapped to the genome such that they suggested the existence of nonannotated microRNAs (i.e., microRNAs not found in miRBase). We designated these sequences as candidate novel microRNAs. We identified these microRNAs using the miRDeep algorithm which detects features (such as read patterns and folding energies) consistent with the presence of microRNAs (15) . We then filtered the miRDeep output using a minimum threshold for expression and identified DE candidate novel microRNAs using DESeq.
We detected no DE candidate novel microRNAs at 5 or 12 hpi and six DE candidate novel microRNAs at the 24 hpi time point (with nonzero read counts in both mock-and HIV-infected samples; Table 3 ). The most significantly DE candidate novel microRNA was an 18-mer encoded in the first intron of the EPB41L2 (erythrocyte membrane protein band 4.1-like 2, transcript variant 3) gene (Table 3 ; Fig. 4 ). This putative microRNA was found highly expressed in uninfected cells and downregulated by 90% at 24 hpi, a change specific to infection with live virus (Table 3 and data not shown). Other DE candidate novel microRNAs were expressed at lower levels overall or associated with smaller fold changes, leading us to focus on the EPB41L2-encoded candidate microRNA in further analysis.
Additional data supported the existence of an EPB41L2-encoded microRNA. mRNA-Seq reads mapped to EPB41L2 exons in the same experimental samples, indicating transcriptional activity at this locus (see Fig. S4 in the supplemental material) (1). However, EPB41L2 mRNA expression was found unchanged in HIV-infected cells at 12 and 24 hpi (1), suggesting that while the putative microRNA may have been derived from the EPB41L2 pre-mRNA, regulation occurred at the level of the excised intron, pre-microRNA, or mature microRNA, rather than at the level of the primary transcript. Interestingly, for the other two candidate novel microRNAs encoded within mRNA-encoding transcripts, a similar lack of concordance between microRNA and mRNA levels was observed (Table 3; see Table S4 ).
External data also supported the existence of a microRNA at this location. Small RNA-Seq data from the ENCODE project showed that other immune cell types-including GM12878, a lymphoblastoid cell line, and K562, a leukemia-derived cell line (16)-expressed a small RNA mapping to the same location and strand detected by miRDeep (Fig. 4) . This indicated that the EPB41L2-encoded microRNA was robustly expressed and detected, despite differences in cell type, sample processing, and read mapping. In addition, evolutionary comparisons of aligned sequences from primates, mammals, and other vertebrates showed that the sequence for the EPB41L2-encoded microRNA was conserved in higher primates, particularly Old World monkeys and apes, with the exception of gorillas, but not other vertebrates (Fig. 4) . External data sets provided additional evidence that viral infection results in the downregulation of the EPBL41L2-encoded candidate novel microRNA. We obtained raw small RNA-Seq data from a separate infection model system, human cytomegalovirus (HCMV) infection of human fibroblasts (17) , and observed reads mapping to the location of the candidate microRNA in each of four samples (mock-and HCMV-infected at 24 and 72 hpi), suggesting that the microRNA was expressed in human fibroblasts. Moreover, quantification of these reads suggested that HCMV downregulated the expression of this microRNA at 24 hpi (from 13.2 rpm to 5.6 rpm, a change of 58%) and at 72 hpi (from 34.4 rpm to 7.0 rpm, a change of 80%).
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To further characterize the EPB41L2-encoded candidate novel microRNA, we generated predictions using the TargetScan algorithm and performed a correlation analysis to identify possible mRNA targets. The novel microRNA was predicted to target a total of 365 mRNAs by TargetScan. Out of these, 53 were significantly, negatively correlated in their expression levels (see Table S4 in the supplemental material). No individual annotation was found to be enriched among these host targets (with adjusted P values of Ͻ0.05; data not shown). However, we noted that an identical 18-nucleotide RNA was identified by Yeung et al. in the context of HIV infection, and this RNA was found perfectly complementary to the primer-binding site of HIV RNA (5).
We verified the expression of the EPB41L2-encoded microRNA by performing quantitative PCR (qPCR) using an additional HIV infection experiment sampled at increased frequency, 4-hour intervals through 24 hpi (see Fig. S5A in the supplemental material). The microRNA was detected in all samples by qPCR, but out of the five time points sampled, the largest downregulation was observed at 24 hpi, consistent with the downregulation observed in the small RNA-Seq data (see Fig. S5A ). Altered expression of the EPB41L2-encoded microRNA may therefore be specific to late stages of infection with live virus.
Validation and temporal pattern of microRNA expression by qPCR. To validate other small RNA-Seq measurements, we performed qPCR on selected known microRNAs. Samples were derived from the same, increased-frequency experiment used to verify expression of the EPB41L2-encoded microRNA. The additional time points allowed a more precise estimation of the timing of expression patterns. Overall, we found that qPCR validated large fold changes in microRNA expression identified by small RNA-Seq, particularly 2-fold or greater upregulation ( Fig. 5A to D ; see also Fig. S5B to K in the supplemental material). For example, in the small RNA-Seq data set, we observed miR-4792 to be upregulated at 12 hpi and more highly upregulated at 24 hpi (Fig. 2B and 5A ). In the qPCR data set, this increase was found to occur more precisely between 12 and 16 hpi (Fig. 5A) . Likewise, miR-1248 was expressed at elevated levels at 24 hpi but not at 12 hpi in the small RNA-Seq data set (Fig. 5C ). In the qPCR data set, this increase was evident at an intermediate time point, 16 hpi (Fig. 5C ). The overall correspondence between qPCR and small RNA-Seq, particularly for upregulated microRNAs, was consistent with previous observations for mRNAs (18) .
DISCUSSION
During the course of infection, HIV is known to affect cellular functions at several levels. In this study, we investigated the effect of HIV infection on small RNA expression in CD4-expressing T lymphoblastoid cells. Other studies have previously used NGS to examine small RNAs in the context of HIV infection, e.g., Yeung et al. and Schopman et al. (8, 10) . However, the focus in these studies has largely been on virally encoded microRNAs rather than on cellular microRNAs. These studies typically also examine only a single time point after infection, e.g., two days postinfection in Yeung et al. and Schopman et al. (8, 10) . Other studies have profiled microRNA expression in infected patient populations, e.g., Bignami et al. (19) , but in these cases, heterogeneous mixtures of cell types served as the source material, complicating data analysis. In contrast, we have focused on the host response at the level of a single infected cell type and profiled this system over time using small RNA-Seq and other NGS-based approaches (1). To our knowledge, this study offers the first unbiased glimpse into the dynamic changes underlying the small RNA population of HIVinfected cells. The specific goals of the study were to (i) identify patterns of DE microRNA expression starting early in infection, (ii) identify anticorrelated targets of DE microRNAs, including those with low evolutionary conservation, and (iii) detect other classes of small RNA altered during infection, including candidate novel microRNAs.
Early, phased microRNA signatures of HIV infection. In our previous work on this experimental system, we found that viral replication was undetectable at 4 hpi but then proceeded rapidly by 12 hpi (1). In this study, we were particularly interested in detecting microRNA signatures early in infection. Using small RNA-Seq, we identified 14 microRNAs DE at 5 and 12 hpi whose expression appeared to be largely coordinated. Many of these displayed a phased expression pattern with time, suppressed initially and then overexpressed by 24 hpi.
Several of the microRNAs that we observed as DE, particularly at early time points, were either poorly characterized or not previously associated with HIV, e.g., as reviewed by Houzet and Jeang (20) or Swaminathan et al. (21) . By identifying target mRNAs with anticorrelated expression patterns, we implicated one of these DE microRNAs, miR-3607-3p, in the regulation of cell cycle-and transcription-associated mRNAs. HIV infection is known to downregulate cell cycle-related genes (1, 22) , and differing levels of regulation with time may reflect evolving requirements of the virus following entry. In particular, the upregulation of cell cyclerelated transcription factors prior to replication, mediated by the downregulation of microRNAs such as miR-3607-3p, may result in the internal production of raw materials needed for viral replication or convert host chromatin to an open configuration. In particular, the NFATC3 (nuclear factor of activated T cells, cytoplasmic 3) gene, a target of miR-3607-3p in our analysis, encodes a transcription factor that has recently been shown to be involved in T-cell activation (23) . Likewise, the TCF7 gene, another predicted target of miR-3607-3p, encodes a T-cell-specific transcription factor (24) . Relieving the inhibition of these transcription factors via the suppression of miR-3607-3p and other microRNAs may represent an early event of HIV infection which is reversed later in HIV infection. Consistent with this interpretation, the MYH9 gene (myosin, heavy chain 9, nonmuscle), a target mRNA of miR-3607-3p found downregulated later in infection, was also found to be downregulated in HIV-infected human glomeruli, which may contribute to HIV-associated pathology (25) . While we cannot discern the mechanism by which viral entry or internalization might suppress miR-3607-3p and other early DE microRNAs from our data, we speculate that a surface protein such as gp120 initiates a signaling cascade that destabilizes the available pool of miR-3607-3p. In general, we observed agreement between our results and those from previous studies, particularly for other, highly expressed microRNAs. For example, Hayes et al. measured changes in CEMx174 lymphocytes infected with HIV-1 strain NL4-3 (26) . Out of the 42 DE microRNAs observed by Hayes et al., 11 were also found to be DE at 24 hpi in our data set, perhaps indicating cell type specificity (26) . Of these, eight displayed concordant changes between the two data sets, with complete concordance observed for the most highly expressed microRNAs (let-7e, miR-92, and miR-106a, all with Ͼ10,000 reads per sample in uninfected SUP-T1 cells) (26) . A similar concordance among highly expressed microRNAs was observed for clinical samples as well. For example, among the DE microRNAs observed in PBMCs from HIV-infected individuals by Houzet et al., four out of the five mostly highly expressed microRNAs (let-7e, miR-20a, miR-20b, miR-92, and miR-182, again with Ͼ10,000 reads per sample in uninfected SUP-T1 cells) displayed directional concordance (6) . Likewise, concordance with the clinical data set from Witwer et al. was evident for highly expressed microRNAs, such as miR-155 (upregulated by 1.5-fold in PBMCs from viremic individuals and by 1.8-fold in our study at 24 hpi) and miR-181b (upregulated by 1.8-fold in PBMCs from viremic individuals and in our study at 24 hpi) (11) . Highly expressed microRNAs may therefore represent cell type-robust signatures.
Transcriptional regulation impacted by altered microRNA expression. We identified a small number of additional pathways and functions that were enriched in the predicted mRNA targets of DE microRNAs. These annotations included "transcription regulator activity," whose associated mRNAs were upregulated at 24 hpi. This dense network of transcriptional regulators includes cofactors that are known to contribute to HIV replication, namely, KAT2B, also known as PCAF (P300/CBP-associated factor) (14) . Our analysis showed that microRNAs of the miR-17-92 cluster-known to be relevant to T cell function (27) -and miR-32 may target KAT2B and other transcription factors coordinately regulated with KAT2B. In particular, miR-32 has not previously been associated with HIV cofactor expression. Our results suggest that HIV-1 infection may suppress several microRNAs with overlapping specificities to effect HIV cofactor expression.
We note that our approach to identifying target mRNAs considers the effect of microRNA on target mRNA stability alone. An extension of this approach would be to include other possible effects of microRNA, such as reductions of translational efficiency. Nevertheless, recent data point to destabilization of target mRNAs as the main mode of microRNA activity (28) (29) (30) ; our approach reflects this state of knowledge. In addition, while our approach is based on complementarity of microRNAs to the 3= UTRs of mRNAs, recent studies suggest that microRNAs may bind other parts of mRNAs, including 5= UTRs (31, 32) . Our approach utilizing predictive algorithms for microRNA-to-3= UTR complementarity is intended to detect canonical interactions and limit false positives but would necessarily miss these additional possible interactions. Finally, we note that our approach is based ultimately on predictions of sequence complementarity supplemented by expression data. Additional experiments, such as direct cross-linking and immunoprecipitation of the RISC complex, would provide more direct verification of the targets that we have identified (33) .
EPB41L2-encoded candidate novel microRNA during HIV infection. In addition to annotated microRNAs, we also detected changes in other types of small RNAs, including piRNAs at 24 hpi. piRNA expression was previously detected in HIV-infected Jurkat cells (8) . In our study, we detected piRNA expression in an additional T lymphoblast cell line, SUP-T1 cells, providing support for the expression of piRNAs in non-germ-line cells. HIV infection resulted in changes in the expression of 21 piRNAs. piRNAs are hypothesized to function in epigenetic regulatory mechanisms; however, due to a lack of consensus about their function in nongerm-line cells, we report these changes for completeness only (34) . We also detected changes in several candidate novel microRNAs. In particular, one candidate encoded in the first intron of EPB41L2 was highly expressed in uninfected cells and strongly downregulated in infected cells. Multiple lines of evidence supported the existence of this microRNA, including ENCODE small RNA-Seq data on multiple immune cell types. Interestingly, Yeung et al. detected a sequence identical to this candidate novel microRNA in the context of HIV infection (8) . This small RNA was found to have RNA interference activity toward the HIV-1 RNA primer-binding site where tRNA binds to initiate reverse transcription, and antagomirs directed toward the small RNA resulted in increased HIV-1 replication (8). We find a deeper investigation into the connection between this microRNA and HIV to be outside the scope of the present work. However, in the future it would be interesting to determine whether more direct evidence of the association between this microRNA and HIV-1 RNA could be obtained, such as through immunoprecipitation of the two RNA species in complex.
Our finding that this candidate microRNA was downregulated at 24 hpi, despite largely unchanged expression in mRNA from the same locus, suggests that the candidate microRNA may have been selectively inhibited during HIV infection. Our examination of NGS data from another experimental infection system, HCMV in human fibroblasts, both validated the existence of the candidate microRNA and showed it to be downregulated during a different infection, suggesting this microRNA may function more generally during the immune response to viral infection. Finally, we note that this microRNA displays strong specificity to higher primates, and its presence may reflect a response unique to primates and viruses that target them, such as HIV-1 and HCMV. Unlike known microRNAs, this and other candidate novel microRNAs may represent entirely novel targets for intervention or diagnosis during HIV-1 infection and demonstrate a distinct benefit of applying NGS to the profiling of small RNAs.
MATERIALS AND METHODS
In vitro infection of SUP-T1 cells with HIV-1 LAI. The design of our experiment comprised treating SUP-T1 cells with HIV-1 strain LAI, UVinactivated HIV-1 strain LAI (HIV UV ), or cell-conditioned medium as mock infection. Experimental steps were performed as described in reference 1 but with the following changes. HIV UV was generated by irradiating HIV preparations for 5 min, a dose we found sufficient to abrogate viral replication in MAGI-CXCR4 cells as detected by X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) staining. Lack of replication with HIV UV was confirmed in SUP-T1 cells by viral mRNA load by TaqMan qPCR (35) . Both live virus and UV-inactivated virus were added to 5 ϫ 10 6 cells at a multiplicity of infection of 5. This dose of live virus was found to achieve 100% infection at 24 hpi with~50% cell viability as measured by trypan blue exclusion assay. Mock infections were performed with an identical volume of SUP-T1-conditioned medium. Each treatment was performed in triplicate, and replicates were sampled at 5, 12, and 24 hpi.
RNA preparation and library construction. Total RNA was extracted using the mirVana kit (Applied Biosystems/Ambion, Austin, TX), and quality and concentration of RNA were determined by an Agilent 2100 Bioanalyzer. Small RNA libraries were prepared with a small RNA version 1.5 sample preparation kit (Illumina, San Diego, CA). Total RNA was ligated with two adaptors: a 3= RNA adaptor specifically modified to target microRNAs (5=-/5rApp/ATCTCGTATGCCGTCTTCTGCTTG/3ddC/) and a 5= RNA adaptor that included the sequencing primer (5=-GUUCAGAGUUCUACAGUCCGACGAUC). Reverse transcription (RT)-PCR amplification was performed using the adaptors as primers. The resulting double-stranded cDNA libraries were purified by polyacrylamide gel electrophoresis using 6% Novex Tris-borate-EDTA gels (Invitrogen, Carlsbad, CA) and size selected to eliminate dimerized adaptors. The quality and concentration of libraries were determined by an Agilent 2100 Bioanalyzer and RiboGreen fluorescence on QuBit (Invitrogen, Carlsbad, CA).
Next-generation sequencing and read mapping. All libraries were sequenced to a 54-nucleotide (nt) read length on individual lanes of a Genome Analyzer IIx (Illumina, San Diego, CA). Small RNA sequences were submitted to Geospiza (PerkinElmer, Seattle, WA) for initial analysis. Raw reads were trimmed to remove adapter sequence. Trimmed reads were aligned using Burrows-Wheeler Aligner (BWA) software against a filter reference containing rRNA, tRNA, snRNA, and mtRNA sequences (36) . The remaining reads were aligned to NCBI build 37.2 of the human genome using BWA and subsequently quantified using genomic annotations for microRNAs (miRBase 17) (7), piRNAs, and known genes (RefSeq gene, build 37.2) or classified as unmapped. MicroRNA read count data were obtained from Geospiza (available at http://viromics .washington.edu). By read count, we refer to the number of cDNA fragments that are sequenced and map to a particular genomic feature. Filtering was performed by requiring Ն10 reads in all the samples of at least one condition for a given microRNA. Normalization was applied to the remaining read count data using DESeq, an R software package for testing differential expression, using R version 2.14.1 (13) . Briefly, normalization comprised calculating a size factor for each sample (as the median ratio of read counts for each feature and sample to the geometric mean of read counts for each feature across samples) and dividing all of the read counts in a particular sample by the sample size factor (13) . DE microRNAs were determined using negative binomial tests implemented in DESeq, where dispersion was estimated using a fitted, parametric curve. For comparison, data from HCMV-infected fibroblasts was obtained through the Short-Read Archive (study identifier [ID] SRP009246) (17) .
Integrative analysis of small RNA-Seq and mRNA-Seq data. To integrate microRNA and mRNA data, we generated target predictions from three prediction algorithms-TargetScan (37), PITA (38) , and Miranda (39)-accessed through the MAGIA website (40) . We obtained mRNA data from previous mRNA-Seq analysis of the same 12-and 24-hpi HIVand mock-infected samples used to derive the small RNA-Seq data set 1. mRNA data were represented as log 2 fragments per kilobase of exon per million mapped fragments (FPKM) in each replicate and identified by Entrez gene IDs as accessed via Biomart in Bioconductor (41) . MicroRNA data were represented as log 2 DESeq-normalized counts with miRBase 17 IDs. For each predicted microRNA-mRNA pairing, we calculated a Pearson correlation coefficient as well as a Benjamini-Hochberg-adjusted P value. Significant interactions were identified by negative correlation coefficients associated with adjusted P values of Ͻ0.05. These interactions were used to generate networks in Cytoscape (42) .
Functional analysis of mRNA targets of DE microRNAs. To examine annotations associated with target mRNAs, we utilized the NIH David resource (43) . We analyzed up-and downregulated target mRNAs separately in David using the Functional Annotation Chart feature with annotations for GO_BP_Fat, GO_MF_Fat, BioCarta, and KEGG_Pathway and human genome as background. An identical analysis was performed on up-and downregulated DE mRNAs from mRNA-Seq data. Overrepresentation of target mRNAs was determined by one-sided Fisher's exact tests for each annotation term.
Identification of candidate novel microRNAs. Candidate novel microRNAs were identified by analyzing genome-mapped small RNA-Seq reads from HIV-and mock-infected samples at 5, 12, and 24 hpi using miRDeep with default parameters (15). Candidate novel microRNAs were then filtered to include only those present with Ն10 reads in Ն11 out of 17 samples (i.e.,~two-thirds of samples). DE candidate microRNAs were identified using DESeq. As a final filter, we considered only candidates with nonzero expression in mock-and HIV-infected samples at the DE time point for further analysis. The UCSC Genome Browser (44) was used to access other small RNA-Seq data from the ENCODE project (16) as well as evolutionary conservation data via Multiz (45) and GERP scores (46) . qPCR. We performed qPCR for each microRNA using a miRCURY LNA universal RT microRNA PCR system (Exiqon, Woburn, MA). For each assay, we utilized 20 ng of total RNA in an ABI 7900 real-time PCR system with SYBR green-based detection (Applied Biosystems, Foster City, CA). Each assay was run in triplicate with SYBR green PCR Master Mix (Exiqon, Woburn, MA) for microRNA detection in a 10-l reaction volume.
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